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1.0  INTRODUCTION 

Elec t ron  beam welding i s  a r e l a t i v e l y  new material j o i n i n g  technique which 
has many p r a c t i c a l  and u s e f u l  app l i ca t ions  inc luding  in-space welding. During 
t h e  p a s t  f e w  years  t h i s  l a t t e r  app l i ca t ion  has graduated  from t h e  concept 
s t a g e  t o  t h e  l abora to ry ,  and now i s  f ind ing  s e r i o u s  cons ide ra t ion  as t h e  
only p r a c t i c a l  means o f  providing in-space f a b r i c a t i o n  and maintenance. 

V e r y  simply,  e l e c t r o n  beam welding involves t h e  bombardment of t h e  workpiece 
t o  be jo ined  wi th  a f inely-focused beam of  high-speed e l ec t rons .  Although 
t h e  mass of an e l e c t r o n  i s  very small, a stream o f  e l e c t r o n s  a t  speeds near  
one-third t h e  speed of  l i g h t  conta ins  a s i g n i f i c a n t  amount of  k i n e t i c  energy 
which i s  transformed i n t o  hea t  when the  e l e c t r o n s  s t r i k e  t h e  workpiece. 

E lec t ron  beam welding i s  cha rac t e r i zed  by narrow fus ion  zones. 
j o i n i n g  with s i g n i f i c a n t l y  l e s s  hea t  input  t o  t h e  workpiece than  wi th  o t h e r  
t ypes  of  fus ion  welding, r e s u l t i n g  i n  less d i s t o r t i o n  and shr inkage as w e l l  
as less power consumption, t h e  l a t t e r  being of extreme importance f o r  in-space 
app l i ca t ion .  When c a r r i e d  out  i n  a vacuum, it is  an extremely pure process ,  
pe rmi t t i ng  t h e  jo in ing  of h ighly  reactive metals  and o t h e r s  s e n s i t i v e  t o  
chemical contamination. 

The Welding Research Council has  concluded t h a t ,  ' l j l f . .  .common commercial 
welding techniques ,  such as t h e  gas metal-arc o r  gas  t lmgsten-arc processes ,  
which i-eqiiire gaseous atmospheres, or submerged-arc or covered e l e c t r o d e  
welding, which are d i f f i c u l t  t o  apply t o  t h i n  materials and have not  been 
developed for grav i ty - f r ee ,  atmosphere-free use, w i l l  probably not  be 
app l i cab le  t o  ou te r  space environment welding". The s o l u t i o n  t o  in-space 
welding thus  l i e s  i n  a t r u e  fus ion  process which e x h i b i t s  minimal hea t  i n p u t ,  
minimum fus ion  volume, and minimum demand on t h e  a v a i l a b l e  e l e c t r i c a l  energy. 

This  permi ts  

The purpose of t h i s  program w a s  t o  develop an e l e c t r o n  beam welding gun 
capable  of being eventua l ly  u t i l i z e d  for t h e  f a b r i c a t i o n  and r e p a i r  of 
v e h i c l e  components i n  evacuated man-rated space s imula t ion  chambers and as 
w e l l  as f o r  t h e  u l t i m a t e  f a b r i c a t i o n  and r e p a i r  o f  space- f l igh t  veh ic l e s  and 
components during a c t u a l  missions.  Electron beam systems normally ope ra t e  
i n  a vacl~um atmosphere. 
t h e  b a s i c  welding concept i s  d i r e c t l y  app l i cab le  t o  in-space welding of 
~aterfnl~ 3'c;kki as zhz i t i~ -~ i ,  titzrriii~ii, aiid stairiiess s ieei. 

Secause o f  t h i s  and i t s  high degree of e f f i c i e n c y ,  

The gun system deveioped i n  t h i s  program has been designed t o  be manually 
ope ra t ed  by a t echn ic i an  or an as t ronaut  wearing a space s u i t .  
gun has been d i r e c t e d  s p e c i f i c a l l y  towards cons ider ing  t h e  c a p a b i l i t i e s  and 
l i m i t a t i o n s  of  a fu l ly - su i t ed  as t ronaut .  This involves  such cons idera t ions  
as weight ,  s i z e ,  shape, cab le  connections,  c o n t r o l  f e a t u r e s ,  and r a d i a t i o n  
s h i e l d i n g .  The gun i s  a hand-held, l ight-weight ,  var iable-focus e l e c t r o n  
beam welding device.  Hamilton Standard 's  p r o p r i e t a r y  ideas  f o r  a small 
e l e c t r o n  beam gun, capable  of operat ing i n  any atmosphere where t h e  pressure  

Design of t h e  

(1) Welding Journa l ,  Vol. 41, No. 12 ,  Welding Research SuTplement 5514, 
December 1962. 
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i s  less than  l ~ l O - ~  Tor r ,  have been incorpora ted  i n  t h e  design o f  t h e  gun. 
During t h i s  p r o g r m ,  a hand-held gun w a s  s u c c e s s f u l l y  opera ted  and t h e  
r equ i r ed  weldments were made i n  a man-rated space s imula t ion  chamber. 

I 
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2 . 0  SUMMARY 

Pas t  and present  s t u d i e s  have ind ica t ed  t h a t  e l e c t r o n  beam welding equipmebt 
i s  t h e  b e s t  candidate  f o r  j o in ing  space-age m a t e r i a l s  i n  a high-vacuum 
environment. However, p r i o r  t o  t h e  i n i t i a t i o n  of t h i s  program, e l e c t r o n  
beam welding equipment w a s  heavy and not  designed f o r  space usage. 
components used were bulky,  p a r t i c u l a r l y  s i n c e  a vacuum pumping system i s  
r equ i r ed  for use i n  t h e  e a r t h  environment and a l s o  i n  p a r t  due t o  t h e  
vo l t age  and power level  requirements needed f o r  deep-penetrat ion welding of 
t h i c k  workpiece sec t ions .  I n  add i t ion ,  earthbound e l e c t r o n  beam welders  a l s o  
inc lude  s e v e r a l  design f e a t u r e s  which al though it makes them versat i le  t o o l s  
f o r  i n d u s t r i a l  u ses ,  t hey  then  are extremely l a r g e  and cumbersome f o r  any 
intended space app l i ca t ion .  Since many of  t h e  above earthbound requirements 
are not  needed f o r  space welding, an e l e c t r o n  beam welding system designed f o r  
space a p p l i c a t i o n s  would have s i g n i f i c a n t l y  less components and complexity 
than  an earthbound system. Therefore ,  a program w a s  conducted which had as 
i t s  u l t i m a t e  goa l  t h e  demonstration of a hand-held e l e c t r o n  beam welder i n  a 
s imulated space environment. During t h i s  demonstration, in-space materials 
would be jo ined  by t h e  hand-held e l ec t ron  beam gun. Accordingly,  t h i s  program 
cons i s t ed  of  t h r e e  s i g n i f i c a n t  ob jec t ives :  

The 

G .  the ~ ~ t ~ b l i ~ h i i ~ i i t  ul" design cr- i ier ia  which couid be used to d e f i n e  -cne 

5. 

c .  

e l e c t r o n  o p t i c a l  column and t h e  envelope of  t h e  gun; 
t h e  design and cons t ruc t ion  of  an operabie  prototype hand-held e l e c t r o n  
beam gun which embodied t h e  p r i n c i p l e s  e s t a b l i s h e d  i n  ( a )  above; and 
t h e  demonstration of t h e  hand-held e l e c t r o n  beam gun i n  ( b )  above under 
s imulated space vacuum condi t ions us ing  r e p r e s e n t a t i v e  space materials 
and simple j c i n t  conf igura t ions .  

The information embodied i n  t h i s  r epor t  summarizes t h e  r e s u l t s  ob ta ined  t o  
complete t h e s e  ob jec t ives .  

During t h e  i n i t i a l  s tudy phase of t h i s  program, s p e c i a l  a t t e n t i o n  w a s  noted 
i n  t h e  fol lowing a reas :  

a. provid ing  a vapor-radiat ion s h i e l d  around t h e  immediate proximity of t h e  
weld a r e a  and s t i l l  permit visi ial  ohservat, lon of t h e  weld J n l n t  zcc?/or 
weld process  ; 
des in ing  a handle f o r  t h e  gun which could be comfortably gr ipped  and 
manipulated by a t echn ic i an  i n  a space s u i t ;  
moving t h e  gun i n  a predetermined d i r e c t i o n  and a t  a uniform weld speed. 

b. 

c .  

Prior t o  f a b r i c a t i n g  a prototype e l ec t ron  beam hand-held welder ,  a design 
s tudy  w a s  made which included a d e f i n i t i o n  of t h e  type  of e l e c t r o n  o p t i c s  and 
power (Watts) t h a t  would be requi red  t o  weld t y p i c a l  aerospace m a t e r i a l s  of 
r e p r e s e n t a t i v e  th icknesses .  From previous s t u d i e s  it w a s  determined t h a t  
most o f  t h e  in-space f a b r i c a t i o n  t a sks  would involve jo in ing  m a t e r i a l s  of  
approximately 0.075-inch th i ckness ;  a predominance of  s t a i n l e s s  s t e e l ,  aluminum, 
or t i t a n i u m  a l l o y s  would be requi red  f o r  most of t h e  common j o i n t  conf igura t ions  
( i . e .  b u t t ,  l a p ,  "T", e t c . ) .  
welder  t o  j o i n  t h e s e  materials w a s  determined .from a n a l y t i c a l  i n v e s t i g a t i o n s  

The power r equ i r ed  f o r  t h e  in-space hand-held 
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and from e a r l i e r  l abo ra to ry  t es t s  t o  be approximately 1 t o  1 . 5  KW; ai\,7;hi;sC 

powers an a c c e l e r a t i n g  p o t e n t i a l  not t o  exceed 20 KV was deemed accepL-:Le. 
These power and acce le ra t ing  p o t e n t i a l  l i m i t s  were e s t a b l i s h e d  t o  provide an 
optimum. gun s i ze  and weight and a l s o  c r e a t e  minimum r a d i a t i o n  from t h e  
workpiece. 

From t h e  above s t u d i e s ,  a breadboard e l e c t r o n  beam welding concept was 
developed which eventua l ly  can make use of e i t h e r  available on-board power 
or a sepa ra t e  power pack. 
e l e c t r o n  beam welder developed and f a b r i c a t e d  measures 3.5 inches i n  diameter ,  
10  inches i n  l eng th ,  and weighs less  than  1 0  pounds ( e a r t h  weight ) .  
hand-held welder ,  a cable  of 50 f e e t  i n  l eng th  connects t h e  gun t o  a 
commercial-type power supply.  The power supply and c o n t r o l s  which f u r n i s h  
power t o  t h e  welding gun has an output r a t i n g  of  2'0 KV, 150 m a  d .c .  f o r  
e l e c t r o n  beam a c c e l e r a t i n g  vo l t age  and c u r r e n t ,  a 20 V ,  25 amp d .c .  f i l ament  
supply,  and a se l f -b i a s ing  system. The power a v a i l a b l e  from t h i s  power supply 
w a s a x e  than  t h e  requi red  1 . 5  KW ( a t  20 KV) f o r  t h e  hand-held e l e c t r o n  beam 
welder.  

The breadboard and subsequent ly  t h e  pro to type  

To t h e  

P r i o r  t o  conaucting t h e  man-rated chamber t e s t s ,  each major component of t h e  
e l e c t r o n  beaii Run w a s  thoroughly evaluated by conducting synt.pmnt.i c dpvplnpmc-nt. 
V L L I Y a .  A &ts5leti deaci-iptioii U? tilrse L e s t 5  u lc i  iiie r e s u i i s  ob ta ined  are 
inc luded  i n  t h i s  r e p o r t .  A f t e r  each component, such as t h e  i n s u l a t o r ,  f i l amen t ,  
I U C L ~ L ~ C L L C  ~ e ~ l b  , cab le  cwiiriection, and c o n t r o l s  w a s  s u c c e s s f u l l y  tes ted,  these 
i t e m s  were i n t e g r a t e d ,  after which t h e  ope ra t ing  c a p a b i l i t y  of  t h e  complete 
gun assembly then  w a s  evaluated.  

+e"+ - 
-. .- . . .-L2- 7 - . - ~  

The weld pene t r a t ion  c a p a b i l i t i e s  of t h e  pro to type  gun were eva lua ted  i n  a 
high-vacuum environment f o r  var ious  t y p i c a l  aerospace ma te r i a l s .  A p r a c t i c a l  
working d i s t a n c e  f o r  most welding app l i ca t ions  w a s  determined t o  be 1 t o  4 
inches  beyond t h e  e x t e r i o r  of t h e  gun ape r tu re .  For t h e  va r ious  materials 
i n v e s t i g a t e d ,  pene t r a t ion  va r i ed  with welding speed and wi th  beam power. 
However, at a maximum power of  1 5  KV and 100 m a  ( 1 . 5  KW) and a weld speed 
of 1 5  ipm, pene t r a t ions  of  a t  l e a s t  0.125 inch  were obta lned  i n  aluminum, 
t i t a n i u m ,  and s t a i n l e s s  s t e e l .  This performance w a s  i n  excess of t h e  
c o n t r a c t u a l  0.075-inch requirement.  

I n  a d d i t i o n  t o  a sce r t a in ing  t h e  maximum pene t r a t ion ,  r e p r e s e n t a t i v e  sample 
specimens ol' b u t t  and l a p  welds were made under high-vacuum condi t ions  f o r  
t h e  t i t a n i u m  and s t a i n l e s s  s t e e l  aerospace materials. Optimum welding 
parameters  were developed by eva lua t ing  t h e  weld zone c h a r a c t e r i s t i c s  of 
t h e  sample t r i a l  welds. The welding parameters included work d i s t a n c e ,  
beam c u r r e n t ,  acce l e ra t ing  vo l t age ,  focus,  and welding speed. 

For t h e  s t a i n l e s s  s t e e l  t e s t  specimens, t e n s i l e  t e s t s  were conducted. The 
u l t i m a t e  and y i e l d  s t r e n g t h s  of t h e  s t a i n l e s s  s t e e l  weldments were equal  t o  
or g r e a t e r  than  t h e  base metal .  
o f  t r a n s v e r s e  bend t e s t s  i nd ica t ed  t h a t  no f a i l u r e s  o r  i n c i p i e n t  f r a c t u r e s  
occurred  i n  t h e  weld or weld zone. 

For t h e  bend t e s t  weldments, t h e  r e s u l t s  

2-2 
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For a l l  materials inves t iga t ed ,  t h e  simulated in-space e l e c t r o n  beam welds 
exh ib i t ed  g r e a t e r  depth-to-width r a t i o s  and smaller g r a i n  s izes  than  those  
gene ra l ly  obta ined  i n  convent ional  fusion welds o f  s imi la r  specimens. The 
c a p a b i l i t y  of f a b r i c a t i n g  welds having depth-to-width r a t i o s  of  approximately 
t e n  i s  extremely important f o r  in-space j o i n i n g  cons ide ra t ions ,  s i n c e  t h e  
fus ion  area i s  a d i r e c t  r ep resen ta t ion  of  t h e  amount of energy and power 
requi red .  
in-space power requirements are afforded by e l e c t r o n  beam welding. 

It i s  t h e r e f o r e  obvious t h a t  m a x i m u m  weld e f f i c i e n c y  and minimum 

F i n a l  demonstration of t h e  hand-held e l ec t ron  beam welder w a s  made i n  a 
man-rated space chamber. These t e s t s  were conducted f o r  t h e  purpose o f :  

a. 
b. demonstrating t h e  s a f e t y  of  operat ion of such a device;  
c .  performing acceptab le  welds i n  a r epea tab le  manner; and 
d. 

demonstrating t h e  r e l i a b i l i t y  o f  a hand-held welding device;  

sugges t ing  new areas of  development which could c o n t r i b u t e  t o  t h e  f u r t h e r  
improvement of t h i s  s p e c i a l  welding device.  

2-3 
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3.0 DEVELOPMENT PROCEDURE 

3.1 Development Schedule f o r  Phases I and I1 

3.1.1 Phase I 

The development schedule f o r  Phase I o f  t h e  program requ i r ed  t h e  
design and cons t ruc t ion  of  a breadboard e l e c t r o n  beam gun system 
t o  conduct t h e  i n i t i a l  t e s t i n g  and eva lua t ion  o f  var ious  e l e c t r o n  
o p t i c a l  parameters.  The design d a t a  obta ined  from t h e  breadboard 
gun w a s  used t o  provide an improved gun design such t h a t  a 
pre l iminary  e l e c t r o n  beam gun model t hen  could be f a b r i c a t e d .  With 
t h e  pre l iminary  e l e c t r o n  beam gun, more ex tens ive  t e s t i n g  could be 
conducted during Phase I. S p e c i f i c a l l y ,  t h e  pre l iminary  gun 
system w a s  used f o r  eva lua t ing  t h e  pene t r a t ion  c a p a b i l i t y ,  work 
he ight  d i s t ance ,  and beam spot s i z e  for t h e  design even tua l ly  
s e l e c t e d  t o  be used i n  Phase 11. 

Included as p a r t  of t h e  Phase I a c t i v i t y  w a s  t h e  eva lua t ion  of t h e  
r a d i a t i o n  sh ie ld ing  system and a l s o  minimizing t h e  package envelope 
wL m *  system weight i n  accordance wi th  t h e  design ob.iectives of t h e  
n m n C n o A C  
b . v I . l " . L  C L L " .  

The development schedule f o r  Phase I1 r equ i r ed  f i n a l i z a t i o n  of t h e  
pre l iminary  gun design such t h a t  a pro to type  model could be 
f a b r i c a t e d  and ex tens ive ly  t e s t e d  p r i o r  t o  conducting tes t s  i n  a 
man-rated space s imulat ion chamber. Upon t h e  manufacture and 
assembly of t h e  pro to type  gun, t h e  gun w a s  t e s t e d  i n i t i a l l y  i n  an 
a u x i l i a r y  chamber f o r  pene t r a t ion  , r e p e a t a b i l i t y ,  r a d i a t i o n  , 
e l e c t r o s t a t i c  charging, and ease  of  opera t ion .  

The f i n a l  po r t ion  of Phase I1 r equ i r ed  t e s t i n g  t h e  gun i n  a man- 
r a t e d  space chamber and completing s e v e r a l  e l e c t r o n  beam welds 
wi th  t h e  hand-held gun. 
motion p i c t u r e s  of t n e  process a l s o  were made. 

During t h i s  f i n a l  po r t ion  of  Phase 11, 

-. 'me programs i n  both Phases 1 and 11 were c a r r i e d  out on schedule.  
Although some minor delays were encountered i n  some of t h e  
manufacturing and t e s t i n g  po r t ions ,  o the r  phases could be 
acce le ra t ed  such t h a t  t h e  complete program w a s  completed i n  
accordance w i t h  t h e  cont rac t  schedule requirements.  

3 .2  Breadboard Gun - Basic Elec t ron  Optics 

The e l e c t r o n  o p t i c a l  po r t ion  of  the pre l iminary  gun design i l l u s t r a t e d  i n  
F igure  1 c o n s i s t s  p r i n c i p a l l y  o f  a Rogowski type  o f  e l e c t r o n  gun, which 
w a s  s e l e c t e d  because of i t s  exce l len t  performance i n  h igher  vol tage  
commercial Hamilton Standard e l ec t ron  beam welding systems previous ly  
p l aced  i n  opera t ion .  The cathode in su la to r ,moun t ing ,  f i lament  suppor t ,  
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g r i d ,  and anode d e t a i l s  and dimensions a r e  somewhat d i f f e r e n t  , but  t h e  
b a s i c  conf igura t ion  wi th in  t h e  c r i t i c a l  area of t h e  emitter,  g r i d ,  and 
anode i s  similar. Provis ions  were made f o r  opt imizing t h e  s i z e ,  
con f igu ra t ion ,  and spacings between a l l  t h r e e  of  t h e  c r i t i c a l  elements 
of  t h e  e l e c t r o n  gun. The ob jec t ive  of  t h e  design w a s  t o  achieve t h e  
Performance c a p a b i l i t y  r equ i r ed  by t h e  c o n t r a c t  wi th  p a r t s  t h a t  have 
minimum phys ica l  s i z e  and weight and have c h a r a c t e r i s t i c s  t h a t  a r e  
r e l i a b l e  and e f f i c i e n t  i n  r e l a t i o n  t o  t h e  func t ion  performed. 

The b a s i c  f e a t u r e s  o f  t h e  prel iminary gun are i l l u s t r a t e d  i n  t h e  s e c t i o n  
view i n  Figure 1. Shown are t h e  assembly o f  t h e  gun components i n  t h e  
housing wi th  t h e  high vol tage  cable  e n t e r i n g  from t h e  t o p  f o r  convenience 
i n  Phase I ' t e s t i n g .  
extends i n t o  t h e  h igh  vacuum i n s i d e  a s m a l l  t e s t  chamber adapted f o r  
t h i s  purpose ( s e e  Figure 2 ) .  
chamber t o  make connection t o  t h e  power supply ope ra t ing  i n  a normal 
room ambient p re s su re  and temperature.  

The cable  terminat ion and t h e  e n t i r e  gun housing 

The cab le  extended ou t s ide  t h e  h igh  vacuum 

The upper p a r t  o f  t h e  e l e c t r o n  gun housing inc ludes  a threaded  f i t t i n g  i n  
two a l t e r n a t e  l o c a t i o n s  f o r  attachiient of  t h e  h igh  vo l t age  cable  
te rmina t ion .  Although most oT̂  t h e  t e s t i n p  i n  ? h a s p  T vas d n n e  with the 
c&le  euieririg at iiie Lop as s i iowr i ,  some eva lua t ion  z e s t s  were conaucted 
wi th  t h e  high vol tage  cab le  te rmina t ion  pos i t i oned  i n  t h e  a l t e r n a t e  
l o c a t i o n  on t h e  s i d e .  
l o c a t i o n  on t h e  f i n a l  gun, en te r ing  a t  an angle  of  approximately 30' with 
t h e  h o r i z o n t a l  (see Figure 3 ) .  In both  cases ,  t h e  opening not  being used 
as a cable  en t rance  w a s  u t i l i z e d  t o  i n s e r t  t h e  necessary  t o o l s  t o  make 
t h e  e l e c t r i c a l  in te rconnec t ions  between t h e  cab le  te rmina t ion  and t h e  
e l e c t r o n  gun. 

The l a t t e r  p o s i t i o n  s imula ted  a proposed handle 

The e l e c t r o n  gun c o n s i s t s  b a s i c a l l y  of a cathode emitter and a focusing 
g r i d ,  wi th  t h e  t i p  of t h e  f i l a m e n t  a t  t h e  c e n t e r  of t h e  gun. V e r t i c a l  
and h o r i z o n t a l  adjustment of  t h e  f i lament  wi th  r e spec t  t o  t h e  opening i n  
t h e  g r i d  cup i s  provided. The g r i d  cup, cathode i n s u l a t o r ,  and f i lament  
mounting c o n s t i t u t e s  one subassembly t h a t  i s  removable as a u n i t  t o  
permit bench-type se rv ic ing  , such as f i lament  replacement and adjustment 
or gene ra l  cleaming of  p u t s .  

The anode i s  mounted on a separa te  base  p l a t e  confined wi th in  t h e  metal 
gun housing d i r e c t l y  below t h e  e l ec t ron  gun. Vertical and angular  
adjustments  are provided t o  obtain t h e  proper spacing and alignment with 
t h e  g r i d  cup. 
f i l ament  mounting were necessary for t h e  pre l iminary  t es t s  i n  o rde r  t o  
t a k e  ca re  of manufacturing to l e rances  and t o  provide means f o r  varying 
c r i t i c a l  spacings t o  ob ta in  t h e  bes t  gun performance. 

These adjustments and those  mentioned previous ly  f o r  t h e  

The magnetic l e n s  c o i l  i s  pos i t ioned  under t h e  anode base  p l a t e .  The 
c o i l  and i t s  housing are sepa ra t e ly  removable from t h e  o v e r a l l  gun 
housing assembly without  d i s turb ing  t h e  r e l a t i v e  p o s i t i o n  of t h e  anode 
and e l e c t r o n  gun. This f a c i l i t a t e s  d i r e c t  comparisons between t h e  
welding c a p a b i l i t i e s  with and without magnetic focusing.  
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Two b a s i c  c l a s s e s  of  e m i t t e r s  were evaluated.  One c l a s s  included 
d i rec t ly-hea ted  f i laments  such as tungs ten  o r  tantalum. 
inc ludes  s m a l l  i nd i r ec t ly -hea ted  cathodes capped wi th  m e t a l l i c  impregnating 
compounds o r  mixtures  which provide a h ighly  e f f i c i e n t  emi t t i ng  source.  
Both types  have inherent  problems i n  use.  Direct ly-heated cathodes 
consume more power than  t h e  ind i rec t ly-hea ted  cathodes f o r  t h e  same 
e l e c t r o n  emission, bu t  t h e  ind i rec t ly-hea ted  cathodes a r e  s u b j e c t  t o  
"poisoning" when exposed t o  pressures  exceeding t h e  
The emitter recommended f o r  t h e  f i n a l  p ro to type  model has  taken  i n t o  
cons idera t ion  a v a i l a b i l i t y ,  manufacturing, c o s t ,  power c o n s u q t i o n ,  
p re s su re  e f f e c t s ,  temperature  e f f e c t s ,  emission c a p a b i l i t y  ( i n  r e l a t i o n  
t o  a c c e l e r a t i n g  vol tage  and power l e v e l ) ,  u s e f u l  l i f e  and compatabi l i ty  
wi th  t h e  balance of t h e  system. 

The second c l a s s  

range whi le  ho t .  

T e s t  results i n d i c a t e d  t h a t  t h e r e  was no d i f f i c u l t y  meeting t h e  beam 
vo l t age  and cu r ren t  output  and weld pene t r a t ion  requirements.  Fu r the r  
improvement of  t h e  beam spot  s i z e  and a d j u s t a b l e  c o n t r o l  of  t h e  f o c a l  
po in t  l o c a t i o n  were accomplished with t h e  use  of a magnetic l e n s .  The 
a d d i t i o n  of  t h e  l e n s  a l s o  permit ted ob ta in ing  t h e  r equ i r ed  weld p e n e t r a t i o n  
a t  a c c e l e r a t i n g  vol tages  less than  20 KV. 

Prntotyoe tiun - phase II ivioaei 

The baste f e a t u r e s  of t h e  prototype gun l e s s  t h e  vapor- rad ia t ion  s h i e l d  
are i l l u s t r a t e d  i n  t h e  s e c t i o n a l  vlev of Figure 3. T h i s  shows t h e  ~ssemhly 
of t h e  gun components i n  t h e  housing wi th  t h e  high-voltage cable  en te r ing  
through t h e  connector-handle assembly. The e l e c t r o n  o p t i c a l  s e c t i o n  of 
t h e  gun i s  b a s i c a l l y  t h e  same as t h e  pre l iminary  gun. The cab le  extends 
ou t s ide  t h e  high-vacuum chamber t o  make connection t o  t h e  power supply 
ope ra t ing  i n  room ambient. 

Seve ra l  p re l iminary  concept sketches were considered as a resu l t  of t h e  
Phase I prel iminary gun s t u d i e s .  These were eva lua ted  p r imar i ly  from t h e  
s tandpoin t  of p r a c t i c a l  and economical f a b r i c a t i o n  requirements as w e l l  
as i n  terms of t h e  human engineering aspec t  of  t h e  man u t i l i z i n g  t h e  gun 
i n  a space vacuum environment. I l l u s t r a t i o n  of t h e  f i n a l i z e d  conf igu ra t ion  
i s  shown i n  Figure 4 .  
t h e  pro to type  gun. 

One problem t h a t  had t o  be considered f u r t h e r ,  f o r  example, i s  t h e  geometry 
of  t h e  handle ,  t h e  angle  a t  which it Is  a t t ached  t o  t h e  housizg,  and t h e  
b e s t  conf igura t ion  f o r  an as t ronaut  i n  a gloved condi t ion ,  when holding 
t h e  g-a. The conPf-''- l lgusat ion se l ec t ed  i s  e s s e n t i a l l y  a somielliptical tube  
which conforms t o  a shape s u i t a b l e  f o r  the high-voltage cab le  te rmina t ion ,  
bo th  e l e c t r i c a l l y  and mechanically. This design f i t s  an a s t r o n a u t ' s  gloved 
hand t o  enable  him t o  maneuver the  gun i n  a space environment. 

This concept w a s  used f o r  guidance i n  t h e  design of  

It should a l s o  be noted i n  Figure 4 t h a t  a low vol tage  c o n t r o l  cab le  has 
been brought i n  sepa ra t e ly .  It h a s  been looped toge the r  wi th  t h e  high 
vo l t age  cable .  A t  t h e  end of t he  gun handle ,  t h e  c o n t r o l  cab le  passes  
through a grommet and i s  secured by means of: a cable  clamp. Wire 
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conductors s epa ra t e  a t  t h i s  point  and make connect ions t o  t h e  gun t r i g g e r  
swi tch ,  t h e  high vol tage  and r e s e t  swi tch ,  t h e  warning l i g h t  ( i n d i c a t e s  
high-voltage power O N ) ,  and the  magnetic l e n s  c o i l  i n s i d e  t h e  gun housing. 

The r a d i a t i o n  s h i e l d  i s  c y l i n d r i c a l  wi th  r ec t angu la r  bosses support ing a 
f l a t  window of  leaded  g l a s s  on two adjacent  s i d e s  down near  t h e  work 
su r face  ( s e e  Figure 4 ) .  
t h e  s h i e l d  a l s o  provides  sh i e ld ing  from x-rays.  The end of t h e  gun i s  
wi th in  t h i s  enclosed area and adjustment of  t h e  gun t o  work d i s t ance  can 
be made by loosening t h e  height  a d j u s t i n g  clamp ( a t t a c h e d  t o  t h e  r a d i a t i o n  
s h i e l d )  and s l i d i n g  t h e  gun housing up or down as requ i r ed ,  then  r e t i g h t e n i n g  
t h e  clamp. 

This  p e r m i t s  t h e  ope ra to r  t o  view t h e  weld area; 

During t h e  development program, it w a s  decided t h a t  t h e  type  of bear ing  
contac t  most s u i t a b l e  between t h e  ex t remi ty  of t h e  r a d i a t i o n  s h i e l d  and 
t h e  work su r face  i s  a s e r i e s  of fou r  bear ings  - one l o c a t e d  i n  each 
corner .  The gap between t h e  s h i e l d  and work su r face  thus  can be  kept  
small t o  reduce r a d i a t i o n  leakage. The d i r e c t i o n  of  t r a v e l  and t h e  ra te  
of  speed i s  c o n t r o l l a b l e  by hand and t h e  use  of auxiliary f i x t u r e s .  

3.4 Accessory Equipment 

The accessory equipment includes p r imar i ly  t h e  r a d i a t i o n  s h i e l d  and viewing 

components, welding f i x t u r e s ,  and power supp l i e s  necessary t o  t h e  ope ra t ion  
o f  t h e  gun. The deslgn o f t h e  r a d i a t i o n  s h i e l d  and viewing window assembiy 
i s  such t h a t  t h i s  assembly can be mounted or detached from t h e  gun housing 
a t  w i l l  and a l s o  can be ad jus ted  t o  va r ious  he igh t s .  

11- *I;,ld~w assczhPJ-, a l l  c&les and cc jnnec t~ r s  , f5edthrougIis , Var iuus  con i ro i  

The pro to type  gun eva lua t ion  t e s t s  planned were conducted on a l a b o r a t o r y  
t e s t  s tand .  The high-vacuum chamber and column w a l l s  provide a l l  t h e  
necessary x-ray sh ie ld ing .  Test f i t t i n g s  were designed and made a v a i l a b l e  
t o  conduct r a d i a t i o n  measurements which v e r i f i e d  ca l cu la t ed  i n t e n s i t i e s .  

The high-voltage cab le  cons i s t s  of t h r e e  cen te r  conductors and a high-voltage 
s h i e l d ,  supplying f i lament  cur ren t  and g r i d  b i a s  vol tage  t o  t h e  e l e c t r o n  gun. 
The major high-voltage i n s u l a t i o n  i s  extruded s i l i c o n e ,  w h i c h  i s  chosen for 
t h e  r e l a t i v e l y  high-vacuum, high-temperature opera t ing  condi t ions  and high 
r a d i a t i o n  r e s i s t a n c e .  'I'ne ground s h i e l d  i s  a woven mesh w i r e  cons t ruc t ion  
over t h e  major i n s u l a t i o n  and t h i s ,  i n  t u r n ,  i s  covered by a tough j a c k e t .  
The gun end of t h e  cable  i s  s t r ipped  back as shown i n  Figure 3, secured 
i n  p lace  wi th in  t h e  metal handle assembly comprising t h e  cable  te rmina t ion  
by means of a s u i t a b l e  epoxy pot t ing  compound. The o t h e r  end of  t h e  cab le ,  
which connects t o  t h e  high-voltage power supply (F igure  5 ) ,  has a connector 
of s imilar  cons t ruc t ion  and i s  shown i n  Figure 6.  

The high-vacuum feedthrough for t h e  cable  w a s  used for t h e  pro to type  gun 
t e s t i n g  i n  t h e  a u x i l i a r y  chamber and f o r  t h e  man-rated space chamber t e s t s .  
The design has proven t o  be vacuum leak - t igh t  and se rv iceab le .  The 
feedthrough mounting p l a t e ,  as seen i n  Figure 7 ,  i s  c i r c u l a r  and has t h e  
fol lowing p e r t i n e n t  dimensions: 
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Pipe S ize  6 inches i n s i d e  d iameter ,  s t anda rd  pipe 

Flange S ize  

Bol t  C i r c l e  

Bol t  Holes 

11 inches ou t s ide  diameter s tandard  
150-pound f i t t i n g  

9.5 inch  diameter *?' 

0.875 inch  diameter ,  8 holes  
\ 

Tine power suppiy and c o n t r o l  panel f o r  t h e  pro to type  gun i s  shown i n  
F igure  5. This  has  an output  r a t i n g  of 20 KV, 150 m a ,  d .c .  f o r  an 
e l e c t r o n  beam a c c e l e r a t i n g  vol tage  and c u r r e n t ,  a 20 v o l t ,  25 amp d.c .  
f i l ament  supply and a se l f -b ias ing  type  b i a s  supply.  Power input  i s  
from a 3-phase, 220 v o l t  l i n e .  The power requirements of  t h e  gun a r e  
w e l l  wi th in  t h e  m a x i m u m  c a p a b i l i t i e s  of  t h i s  equipment. 

A workpiece f i x t u r e  assembly, shown i n  Figure 8 ,  w a s  used wi th  t h e  
e l e c t r o n  beam gun f o r  producing t h e  f i r s t  s e r i e s  of  welds i n  t h e  
man-rated chamber. This f i x t u r e  assembly w a s  needed f o r  s e v e r a l  
r easons ,  namely: ( a )  t h e  f i x t u r e  provided a r e c e p t a c l e  for mounting 
and a l ign ing  t h e  m e t a l  p l a t e s  t o  be welded; (b) it z s s i s t e d  t h e  t e s t  
sub jec t  i n  moving t h e  gun over R q t r n i g h t  patteF.yn; ( c )  it z ~ ~ i ~ t e ?  
t h e  t e s t  sub jec t  i n  moving t h e  gun t o  produce a smooth t r a v e l  motion; 
(d) it rn infmtzer l  t .hp pnsqihi  Iity nf i n s d v e r t e n t l y  6 r q p i n g  or dacagir,g 
t h e  gun p a r t i c u l a r l y  dur ing  t h i s  f i r s t  series of  man-rated chamber t e s t s ;  
( e )  it flirther e l imina ted  t h e  p o s s i b i l i t y  e z i t t i c g  x- rad ia t ion  yroE 
t h e  workpiece during welding; and ( f )  it provided an added p r o t e c t i o n  
aga ins t  inadver ten t  exposure of t h e  t e s t  s u b j e c t ' s  space s u i t  t o  ho t  
metal p a r t i c l e s  o r  e l e c t r o s t a t i c  charging. 

Although some or a l l  of  t h e  above precaut ions  and f i x t u r e  a s s i s t a n c e  may 
not  be necessary f o r  f u t u r e  s tud ie s  s imula t ing  in-space welding, t h e  
primary purpose of t h e  i n i t i a l  t e s t s  w a s  t o  eva lua te  hand-made e l e c t r o n  
beam welds. These provis ions  were considered necessary and appropr ia te  
by t h e  s a f e t y  and environmental h e a l t h  monitoring personnel .  
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1 4.0 DEVELOPMENT TEST RESULTS 

4 . 1  Elec t ron  Gun Evaluat ions 

I n i t i a l  t es t s  t o  i n v e s t i g a t e  t'he bas i c  e l e c t r o n  o p t i c a l  c h a r a c t e r i s t i c s  
of t h e  pro to type  e l e c t r o n  gun were made us ing  a f u l l  s c a l e  breadboard 
mock-up of  t h e  gun alone.  Two d i f f e r e n t  b i a s  e l e c t r o d e s  and anodes were 
designed so  t h a t  four  d i f f e r e n t  guns could be assembled. Three of  t h e  
fou r  p o s s i b l e  combinations were ex tens ive ly  t e s t e d .  I n i t i a l  t es t s  l e d  
t o  t h e  choice of t h r e e  f i n a l  conf igura t ions .  They w e r e  i d e n t i f i e d  as 
P-gun #1, P-gun #2, and P-gun #3 i n  o rde r  of  i nc reas ing  perveance. The 
guns were designed so  t h a t  a 1 . 5  k i lowa t t  beam could be obta ined  over  a 
range of 1 2  KV t o  20 KV beam p o t e n t i a l .  All t h r e e  of  t h e  guns were 
opera ted  a t  1 . 5  KW wi th  beam p o t e n t i a l s  less than  20 KV. 

Weld pene t r a t ion  t e s t s  were made with each of t h e  t h r e e  guns. 
p e n e t r a t i o n s ,  without t h e  use of a magnetic focusing l e n s ,  are shown i n  
F igure  9. All tes ts  were made a t  a welding speed of 1 5  inches p e r  minute. 
The m a t e r i a l  used i n  a l l  cases  w a s  type  304 s t a i n l e s s  s tee l .  

Typical  

P-gun # 3  w a s  s e l e c t e d  f o r  use i n  the  pro to type  gun because of  i t s  high 
n e r v e a n p p  where per~rp l_n_cp  is rl-efj-~eI?_ 2-5 K = . .. A h i g h  y T w P a n C ~  

&E 
r-- ' Y 

is p r e f e r r e d  h e r m s e  mere c w r e n t  fcr I, g i ~ e n  v ~ l t i g e  rzn  he emi t te r? .  
It has been operated at  1 . 5  KW at beam p o t e n t i a l s  as low as 1 2  KV. 
P-gun #3 a l s o  had more d e s i r a b l e  bas i c  e l e c t r o n  o p t i c a l  c h a r a c t e r i s t i c s .  

4 .2  Pene t r a t ion  Evaluat ions 

Extensive pene t r a t ion  t e s t s  were run wi th  t h e  pre l iminary  gun and a l s o  
wi th  t h e  prototype gun. 
are shown i n  Figures  1 0  through 15. 

The d a t a  obtained from t h e  pene t r a t ion  tes ts  

I n  Figure 1 0 ,  a comparison of t h e  pene t r a t ion  obta ined  w i t h  t h e  pre l iminary  
gun us ing  two types  of  i n d i r e c t l y  heated cathodes i s  shown. The workpiece 
material i s  304 s t a i n l e s s  s t e e l ;  the  welding w a s  performed a t  15 ipm. 
The pene t r a t ion  i s  e s s e n t i a l l y  equivalent  f o r  t h e  two cathodes.  

Iii Figure'  ii, a cuinparisuii ul" tile pei ie t r -a t iui i  u'uLaiiie6 w i  iii iiie prei i i i i iuary 
gun us ing  tantalum ribbon f i laments  of d i f f e r e n t  widths ,  and an i n d i r e c t l y  
hea ted  cathode i s  shown. The workpiece material i s  304 s t a i n l e s s  s t e e l ;  
t h e  welding w a s  performed a t  15 ipm. A l l  emi t t e r s  produced welds t h a t  
s a t i s f i e d  t h e  0.075-inch penet ra t ion  requirement s t a t e d  i n  t h e  c o n t r a c t .  
The pene t r a t ion  obtained with t h e  i n d i r e c t l y  hea ted  cathode i s  b e t t e r  
t han  t h e  pene t r a t ion  obtained wi th  t h e  r ibbon f i lament .  The pene t r a t ion  
wi th  an i n d i r e c t l y  hea ted  cathode i s  maximum f o r  a beam p o t e n t i a l  of 
15 k i l o v o l t s ,  while  t h e  pene t ra t ion  obta ined  wi th  t h e  ribbon f i lament  
improves as t h e  vol tage  i s  increased t o  20 k i l o v o l t s .  It a l s o  i s  noted 
t h a t  t h e  pene t r a t ion  obtained with t h e  smaller ribbon f i lament  i s  b e t t e r  
t h a n  t h e  pene t r a t ion  obtained with t h e  l a r g e r  r ibbon f i lament .  I t  
should be noted t h a t  t h e  v a r i a t i o n  i n  pene t r a t ion  f o r  t h e  i n d i r e c t l y  
hea ted  cathode i n  Figures  10 and 11 f o r  t h e  same power l e v e l  can be 
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FIGURE 9 

TYPICAL PRELIMINARY WELD PENETRATION TEST DATA - TYPE 304 STAINLESS STEEL 

BEAM SETTING MAXIMUM PENETRATION - INCHES 
Ki lovo l t s  M i l l i m p s  P-gun #1 P-gun #2 P-gun #3 

1 5  54 * 095 .132 .094 

20 40 .096 .097 .093 

20 75 

20 100 

.215 

.198 

.135 

.148 

.210 

-270 

NOTE: 1. Tes ts  made without focusing l e n s .  

2. Pene t ra t ion  runs  were made on s t acks  of 0.125 inch  t h i c k  
blocks.  Pene t r a t ions  approaching or exceeding one block 
th ickness  would probably d i f f e r  from pene t r a t ion  runs made 
i n  t h i c k e r  m a t e r i a l .  

3. Welding speed i n  a l l  cases -- 1 5  inches p e r  minute. 



FIGURE 1 0  

Beam S e t t i n g  

15KV 800 w a t t s  5 lrma 

2oKV 800 w a t t s  
h E l _  

12KV 800 w a t t s  65ma 

15KV 1500 watts 

20KV 1500 watts 7 5ma 

12KV 1500 w a t t s  125ma 

lOGma 

COMPARISON OF PENETRATION FOR EXPERIMENTAL GUN 
USING INDIRECTLY HEATED CATHODES 

Gun: P-gun #3 
Table Speed: 15 ipm 

Workpiece: 304 S t a i n l e s s  S t e e l  
Focus: Magnetic Lens Focus at  Workpiece 

Pene t r a t ion  i n  inches 
4 inches from Gun 

Cathode No. 1 Cathode N o .  2 
Depth Width Depth Width 

.088 

.095 

.142 

.122 

.loo 

.loo 

.194 

.200 

.165 

.168 

.124 

.130 

.122 . -* 

.136 
1 =?A 

,110 
.110 

.180 

.170 

.170 

.160 

.180 

. -_- 

.l90 

,085 
... ieq.5 

.120 
i i n  . ALU 

.080 

.112 

.240 

.160 

.202 

.130 

.lo2 
,100 

.120 
c220 

.120 

.11G 

.118 

.180 

.124 

.l90 

.l90 

.196 

.150 

.150 

Pene t r a t ion  i n  inches  
2 inches from Gun 

Cathode No. 1 Cathode No. 2 
Depth Width Depth Width 

.130 .114 .225 .120 

.&30 .1* - 4 0  - .302 

.l90 .lo4 .180 ,120 

.A"" 18f-l .I"" -InL . lo2  .122 

.160 .130 .174 .lo4 

.154 .140 .172 .105 

.240 .156 ,225 .182 

.320 .120 .221 .172 

.182 .164 .156 .150 

.160 .160 .i42 .170 
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FIGURE 13 

Beam S e t t i n g  

1 5 ~ ~  
l O O m a  

20KV 
7 5ma 

PENETRATION FOR PROTOTYPE GUN 

USING INDIRECTLY HEATED CATHODE 
IN 2219 ALUMINUM AND TITANIUM 

Gu: P-gm #3 
Table Speed: 15 ipm 

Focus: Magfietic Lens Focus a t  Workpiece 

Pene t r a t ion  i n  Inches 
4 inches from Elec t ron  Gun 

2219 Aluminum T i t  an i u m  
Depth Width Depth Width 

.160 .225 

.170 .430 

.257 .235 

.200 .400 
.200 ,160 
.272 .268 



Hamilton~tvosm OC UNITED U AIRCRAFT CORPORATDN 

Standard 

0 15 KV,l00 MA 1 FOCUSED A T  2 INCHES 

0 20 KV, 75  MA 

15 KV, 100 MA 
FOCUSED A T  3 INCHES 

20 KV. 75  M A  
t 

tn w p 
I 

i 

P z 
I- * n! 
I- 
W 
Z w n 

1 2 3 4 0 

WORKPIECE DISTANCE - INCHES 

FIGURE 14 PENETRATION V S  WORKING DISTANCE (AIS1 304) 
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.3 

.2  

.1 
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0 1 5  KV, 1 0 0  MA 1 FOCUSED A T  2 INCHES 

0 20 KV, 75 MA 

I FOCUSED A T  3 INCHES 
20 KV, 75 MA 

15 KV, 100 MA 

0 1 2 3 4 

WORKPIECE DISTANCE - INCHES 

FIGURE 15 PENETRATION VS. WORKING DISTANCE (6-4 TITANIUM) 
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a t t r i b u t e d  t o  s l i g h t  v a r i a t i o n s  in  t h e  cathode-to-anode spacing as we l l  
as v a r i a t i o n s  i n  focus.  

Figure 1 2  shows t h e  pene t r a t ion  obtained with t h e  pro to type  gun us ing  a 
t h i n n e r  tantalum r ibbon f i lament  and the  i n d i r e c t l y  hea ted  cathode. The 
workpiece m a t e r i a l  i s  304 s t a i n l e s s  s tee l ;  t h e  welding w a s  performed a t  a 
speed of 1 5  ipm. 
pro to type  gun i s  equiva len t  t o  the  pene t r a t ion  obta ined  wi th  t h e  pre l iminary  
gun. 

The d a t a  i n d i c a t e  t h a t  t h e  pene t r a t ion  obta ined  wi th  t h e  

4.3 

Figure 1 3  shows t h e  pene t r a t ion  obtained wi th  t h e  pro to type  gun when 
welding aluminum and t i t an ium.  These d a t a  were obta ined  t o  f u l f i l l  t h e  
con t r ac tua l  requirements.  The i n d i r e c t l y  hea ted  cathode w a s  used. The 
beam w a s  operated a t  f u l l  power , t h a t  i s ,  1 . 5  KW, and t h e  welding w a s  
performed at 1 5  ipm. 

Figures  1 4  and 1 5  show t h e  v a r i a t i o n  i n  pene t r a t ion  obta ined  f o r  var ious  
workpiece d i s t ances  wi th  a f i x e d  f o c a l  length .  
included 304 s t a i n l e s s  s t e e l  and t i t an ium.  Two focused l eng ths  were 
use&, t h r e e  inches and two inches from t h e  e l e c t r o n  gun. These d a t a  
w e r e  obtained t o  f u l f i l l  t h e  con t r ac tua l  requirements.  

Workpiece materials 

Cathode Evaluations 

Seve ra l  d i f f e r e n t  emi t t e r s  were t e s t e d  with t h e  hand gun. O f  t h e  s e v e r a l  
d i f f e r e n t  designs considered,  two f i lament  designs show t h e  most promise. 
These are an i n d i r e c t l y  hea ted  cathode, and a tantalum r ibbon ( d i r e c t l y  
hea ted )  f i lament .  

The i n d i r e c t l y  hea ted  cathodes a r e  composed of  a pressed  m e t a l l i c  s lug  
approximately 3 m i n  diameter.  Heaters were bifi lar-wound t o  reduce 
magnetic f i e l d  e f f e c t s .  

The tantalum ribbon f i lament  c o n s i s t s  of  a narrow s t r i p  of  tantalum 
r i b b o n  5 m i l s  t n i c k .  The r ibbnr?  i s  bent t o  fsrm a sqldare emi t t i ng  a rea .  
Two d i f f e r e n t  width f i laments  were used. 

The cathodes were operated i n  a Veeco b e l l  jar f o r  c a l i b r a t i o n  of 
temperature  and l i f e  t e s t s .  Comparison of t h e  d a t a  f o r  t h e  two types of 
f i l amen t s  i n d i c a t e s  t h a t  t h e  ribbon f i lament  r equ i r e s  almost t h r e e  times 
as much power as t h e  i n d i r e c t l y  heated cathode. I f  r e s i s t a n c e  l o s s e s  i n  
t h e  high vol tage  cable  and connectors were included,  t h e  power consumption 
of  t h e  r ibbon f i lament  s t i l l  would be g r e a t e r  - perhaps four  o r  f i v e  t i m e s  
as much as t h a t  f o r  t h e  i n d i r e c t l y  hea ted  f i lament .  

4 .3 .1  Heater L i f e  

I n i t i a l  t e s t i n g  with t h e  i n d i r e c t l y  heated cathode used tungs ten  
hea te r s  which were constructed i n  a bifi lar-wound mode and 
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ceramic-coated t o  provide e l e c t r i c a l  i n s u l a t i o n .  The h e a t e r s  
t hen  were i n s e r t e d  i n t o  the  c a v i t y  of t h e  support  cy l inde r  t o  
hea t  t h e  cathode by r a d i a t i o n .  

The l i f e t i m e  experienced with t h e s e  f i r s t  h e a t e r s  w a s  poor. 
Maximum l i f e  under b e l l  jar  condi t ions  w a s  approximately two hours .  
It i s  pos tu l a t ed  t h a t  f a i l u r e  w a s  caused by degradat ion of t h e  
alumina coa t ing  s i n c e  t h e  mode of  fa i lure  i s  u s u a l l y  due t o  an 
e l e c t r i c a l  s h o r t  i n  t h e  hea te r .  

Severa l  methods of  increas ing  h e a t e r  l i f e  were considered.  However, 
t h e  development of t h e  ind i r ec t ly -hea ted  cathode from an experimental  
b e l l  jar  system t o  a working welder cathode has proven t o  be beyond 
t h e  scope of t h i s  program. 

4.3.2 

Although d i rec t ly-hea ted  f i laments  were not  p r e f e r r e d  because o f  
t h e i r  h igh  power consumption and t h e  p o s s i b i l i t y  of  genera t ing  
temperatures h igher  t han  des i red  wi th in  t h e  gun, some t e s t i n g  a l s o  
was conducted on t h e s e  f i laments .  Tantalum r ibbon f i lament  No. 1 
w a s  l i f e - t e s t e d  I n  t h e  be l l  jar .  This f i lament  l a s t e d  i n  excess  
of  twenty hours .  
measured on t h e  emi t t ing  face.  Tnis i n d i c a t e s  tha t  more than  
adequate l i f e  can be achieved from a d i r ec t ly -hea ted  cathode. 

The temperature w a s  205OoC br igh tness  as 

Cathode L i f e  

The usua l  problem with t h e  i n d i r e c t l y  hea ted  cathode l i f e  of 
cathode No. 1 i n  a demountable system i s  poisoning when t h e  
system i s  vented and s e n s i t i v i t y  t o  ion  bombardment when t h e  
working pressure  i s  t o o  high. However, f o r  cathode type  two, 
t hese  have not  demonstrated any poisoning e f f e c t s ;  t h e s e  f i laments  
a l s o  have demonstrated s t a b l e  opera t ion  a t  p re s su res  an o rde r  of 
magnitude h igher  than  t h e  usua l  cathode No. 1 design w i l l  t o l e r a t e .  

I 

I 

4.4 

Although t h e  No. 2 ind i rec t ly-hea ted  cathode has advantages over  a r ibbon 
h e a t e r  i n  lower opera t ing  temperatures and less  power consumption t h a t  

i s ,  a t  p re sen t ,  i n  favor  of  t h e  ribbon f i lament .  Based on t h e  c r i t e r i a  
of  long l i f e  and high r e l i a b i l i t y  and lower a c c e l e r a t i o n  vo l t age  ope ra t ion ,  
t h e  l a r g e r  tantalum ribbon fi lament des igna ted  as No. 1 has been s e l e c t e d  
f o r  use i n  t h e  hand gun. 

are very important f ~ r  a har,ir-held ifi-space g~q, t h e  fac t=?  ef yc-iability 

Radia t ion  Measurements and Shieldine: 

A r a d i a t i o n  hazard i n v e s t i g a t i o n  was conducted as p a r t  of t h i s  program. 
Computations ind ica t ed  t h a t  0.031-inch minimum th i ckness  o f  s t e e l  i n  t h e  
hand gun and r a d i a t i o n  s h i e l d  would adequately a t t e n u a t e  x- rad ia t ion  a t  
20 KV t o  a s a f e  l e v e l  of l ess  than 2 mR p e r  hour. However, t h e  s tudy 
i n d i c a t e d  t h a t  a s t rong  x-ray emission p a t t e r n  could be expected i n  t h e  
forward d i r e c t i o n ,  t h a t  i s ,  i n  the  d i r e c t i o n  of t h e  beam. Therefore ,  
x-ray sh ie ld ing  should be provided on t h e  r eve r se  S i d e  of any weld being 
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made. Inc luding  a s a f e t y  f a c t o r ,  t hen  t h i s  sh i e ld ing  should c o n s i s t  o f  
approximately 0.040-inch of s tee l ,  o r  of  a s u i t a b l e  material t h i ckness  
having an equiva len t  absorp t ion  c o e f f i c i e n t .  

I n  o rde r  t o  confirm t h e  va r ious  t h e o r e t i c a l  c a l c u l a t i o n s  o f  x-.ray 
a t t e n u a t i o n ,  r a d i a t i o n  tes t s  were performed wi th  t h e  hand gun i n  an  
experimental  chamber. For r a d i a t i o n  t e s t i n g ,  a mylar window 0.003-inch 
t h i c k  w a s  i n s t a l l e d  i n  t h e  experimental  chamber. A t ungs t en  t a r g e t ,  
t i l t e d  towards t h e  window, was then p laced  i n  t h e  chamber, and t h e  
e l e c t r o n  beam a t  var ious  energ ies  then  w a s  impinged upon t h e  tungs ten  
t a r g e t .  The r a d i a t i o n  passing through t h e  mylar window w a s  monitored i n  
ambient us ing  a Victoreen S/N 214, Model 440, r a d i o  frequency-shielded 
r a d i a t i o n  meter. Various th icknesses  o f  sh i e ld ing  materials,  p a r t i c u l a r l y  
s t a i n l e s s  s t e e l ,  were p laced  i n  f r o n t  o f  t h e  mylar window, and t h e  
a t t enua ted  x-ray beam monitored. 
t h a t  t h e  0.040-inch t h i c k  s t e e l  sh i e ld ing  of  t h e  hand gun i s  adequate.  

The r e s u l t s  shown i n  F igure  1 6  i n d i c a t e  

Various types  of  x-ray monitoring equipment were reviewed f o r  monitor ing 
r a d i a t i o n  i n  a vacuum and a t  a r e l a t i v e l y  low a c c e l e r a t i n g  p o t e n t i a l  o f  
1 5  t o  20 KV. One of t h e s e ,  namely, pho tosens i t i ve  f i l m ,  i s  recommended 
because of i t s  a b i l i t y  t o  g ive  s p a t i a l  r e s u l t i o n  of t h e  r a d i a t i o n  f i e l d ,  
a b i l i t y  t o  se rve  we l l  i n  a vacuum environment, and i n d i c a t e  s u f f i c i e n t  
s e n s i t i v i t y  a t  1 5  t o  20 KV. This  t ype  o f  r a d i a t i o n  monitor ing w a s  used 
dur tng  the manned chamber t e s t i n g  of t h e  hand gun. The film badges are 
s e n s i t i v e  enough t o  r e g i s t e r  1 mil l i roentgen  a t  is k i l o v o l t s  r a d i a t i o n .  
The t e s t  set-up p r i o r  t o  manned operat ion and during manned ope ra t ion  of 
t h e  hand gun w a s  monitored f o r  x-ray r a d i a t i o n  with t h e s e  badges. 

Radia t ion  tes t s  f i r s t  were conducted i n  an a u x i l i a r y  chamber t o  a s su re  
t h a t  t h e  t e s t  sub jec t  would not  be exposed t o  a r a d i a t i o n  l e v e l  t h a t  
could  exceed s e t  s a f e t y  s tandards .  These tes ts  were conducted wi th  t h e  
vapor-radiat ion s h i e l d  i n s t a l l e d  on t h e  gun; t h e  gun a l s o  w a s  moved over 
t h e  su r face  of t h e  workpiece. 
and important t o  v e r i f y  t h e  soundness of  t h e  f l e x i b l e  s h i e l d  used at t h e  
i n t e r f a c e  of  t h e  workpiece and the  gun i t s e l f .  

This l a t t e r  opera t ion  w a s  deemed necessary 

The tes t s  were conducted over var ious  i n t e r v a l s  of welding t i m e  and a t  
va r ious  welding speeds.  The tes t  condi t ions  and r e s u l t s  a r e  t a b u l a t e d  

w a s  measured by e i t h e r  t h e  Victoreen S/N 214, Model 440 o r  t h e  f i l m  
badges. Tne f i l m  badges contained two recording p i a t e s ,  a s e n s i t i v e  
and an i n s e n s i t i v e  p l a t e .  The s e n s i t i v e  p l a t e s  could record  r a d i a t i o n  
as low as one mi l l i roentgen;  t h e  i n s e n s i t i v e  p l a t e s  could record  
r a d i a t i o n  up t o  a t o t a l  r a d i a t i o n  dosage of f i f t e e n  roentgens.  

ir, Flg.;de 17 cf t5me, speed, and yo pei"ce~-fa4Je x-i"adiaL;an 

During t h e  man-rated chamber t e s t s ,  f i f t e e n  r a d i a t i o n  badges were 
l o c a t e d  i n  s t r a t e g i c  loca t ions  t o  monitor any poss ib l e  r a d i a t i o n  e m i t t e d  
by t h e  e l e c t r o n  beam gun. The loca t ion  of t h e  badges i s  shown i n  
F igure  18. 
w i t h i n  t h e  man-rated chamber including a badge mounted d i r e c t l y  on t o p  
of  t h e  e l e c t r o n  beam gun. 

No r a d i a t i o n  w a s  measured by any of t h e  badges loca ted  
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FIGURE 16 

RADIATION TEST WITH 0.003-INCH THICK MYLAR WINDOW 
USING VICTOREEN RADIATION METER S/N 214, MODEL 440, R.F. SHIELDED 

Measured Radiation in Milliroentgens per Hour 
No .008~' .017" .025" .125" 

Beam Setting Shielding S.S. Shield S.S. Shield S.S. Shield Aluminum Shield 

12Kv 
6 h a  

15KV 
iOOma 

20Kv 
I >ma -r 

20Kv 
lOOma 

15KV 
7 5ma 

87 

90 

a 05 

.1 

3.6 

7.2 --- 

1.8 



Badge No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

FIGURE 17 

RADIATION SHIELDING TEST SETTINGS 

Distance from Source ( inches)  
Hor izonta l  V e r t i c a l  

Control 

0 

3 

1 112 

0 

3 

1 112 

0 

3 

6 

Expo s u r e  

15KV, 100ma, 15 sec .  

11 I 1  11 

I 1  11 I I  

15m, 100ma, 30 sec .  

II I 1  I I  

I1  I I  l! 

11 II I 1  
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I 

HANDGUN @ 

MAN RATED 
VACUUM CHAMBER 

L NO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 

BADGE LOCATIONS 

DISTANCE FROM 
SOURCE (FEET) 

H OR 1 ZON TA L VERTICAL 

10 
10 
5 
1 
1 
1 
0 
6 
5 
5 
4 
1 

0 
0 

REFERENCE 

1 1/2 
1 1/2 
2 
0 
2 
2 

1 
2 
2 

1 

1 /2 

1 1/2 

1/2 
-2 

WORN BY LOCK 
ATTENDENTS I 
ABDOMEN 
CHEST 
CHEST 
RIGHT HAND 

MOUNTEDTOTOPOFGUN 
UNDER FIXTURE 

FIGURE 18 FILM BADGE LOCATIONS MAN-RATED CHAMBER TESTS 
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4 .5  Cable Po t t ing  and Connection Evaluat ion 

There are four  main cons idera t ions  t o  be observed i n  t h e  cons t ruc t ion  of 
t h e  high vol tage  cable  and te rmina t ions .  

a. 

b.  The o u t e r  j acke t  of  t h e  cable  must be vacuum leak - t igh t  and have a 

c .  The vacuum feedthrough and in-vacuum termina t ion  of t h e  cable  must 

d. 

The cab le  has t o  be  f l e x i b l e  and rugged t o  wi ths tand  repea ted  f l e x i n g  
without  mechanical leakage.  

l o w  outgassing ra te .  

be vacuum leak - t igh t .  
The cab le  and t h e  te rmina t ion  assemblies  must be capable  of ope ra t ing  
a t  20 k i l o v o l t s  under proper  environmental  cond i t ions ,  i . e . ,  wi th  
one end i n  vacuum and t h e  o ther  end i n  o i l ,  h a l f  of t h e  cable  i n  
vacuum and t h e  o t h e r  h a l f  of t h e  cable  a t  atmosphere. 
The cable  must withstand shor t  per iods  of e l eva ted  t r a n s i e n t  temperature  
r i s e  and be p re fe rab ly  r a d i a t i o n - r e s i s t a n t .  

e .  

4 . 5 . 1  

4.5.2 

4.5 .3  

Cable F l e x i b i l i t y  

The cable  i s  cons t ruc ted  p r imar i ly  from s i l i c o n e  t o  provide g r e a t  
f l e x i b i l i t y .  No damage, mechanical or e l e c t r i c a l ,  t o  t h e  cab le  
assembly has been observed after repea ted  f l e x i n g  during a u x i l i a r y  
chamber tes ts  and during t h e  man-rated chamber t e s t s .  The cable  
llab w e e l l  pdbbe'd Luruugu a 6-incii p ipe  i n  co i ie i i  form (less tiian 
3-inch bend r ad ius  ) without d i f f i c u l t y  or damage. 
L-- I. - . _ L _ _  - L,-._^_.- 1- 

Czble Leak-tightness 

The cable  has helium leak-checked and no leakage through t h e  ou te r  
j acke t  w a s  found. With 25-feet of cable  i n  a 5 cu. f t .  chamber 
evacuated with a 4-inch d i f fus ion  pump and co ld  t r a p ,  t h e  
outgassing r a t e  w a s  low enough t o  permit a pressure  of 5x10-5 
Torr  t o  be obtained.  Attempts t o  measure t h e  outgassing ra te  
by us ing  t h e  r a t e  o f  r i s e  of  pressure  i n  t h e  chamber were not  
very success fu l  bu t  d i d  i n d i c a t e  t h a t  t h e  ra te  must be l e s s  t han  
3 micron l i t e r s  per  second and probably less  than  one micron 
l i t e r  p e r  second. 

Cable Terminat ions 

The cab le  te rmina t ions  a re  po t t ed  with an epoxy compound us ing  an 
anhydride hardener.  The epoxy used has exce l l en t  e l e c t r i c a l  
p r o p e r t i e s  at temperatures up t o  2 O O 0 C  (392OF). 

r 

The epoxy compound bonds t o  both t h e  o u t e r  j acke t  of t h e  cable  and 
t o  t h e  s i l i c o n e  cable  i n s u l a t i o n  of  t h e  cable  when t h e  su r faces  a r e  
proper ly  prepared. The bonding i s  s u f f i c i e n t  t o  produce both a 
vacuum-tight seal and an e lec t r ica l ly-sound i n t e r f a c e .  Spec ia l  
p o t t i n g  techniques were developed t o  bond t o  t h e  i n t e r n a l  diameter 
of t h e  metal  housing for t h e  te rmina t ion  and t o  prevent gas 
evolu t ion  from t h e  s i l i c o n e  cable  during t h e  epoxy cur ing  cyc le .  

4- 5 
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One end of t h e  cable  i s  terminated i n  t h e  handle  assembly o f  t h e  
hand gun. This te rmina t ion  i s  designed t o  opera te  at h igh  vacuum. 
The o t h e r  end of t h e  cable  i s  te rmina ted  i n  an e l e c t r i c a l  connector  
t h a t  plugs i n t o  t h e  h igh  vol tage  power supply. This  t e rmina t ion  i s  
designed t o  opera te  i n  o i l .  The cab le  i s  50 f e e t  long wi th  25 feet  
i n  vacuum and 25 f e e t  i n  atmosphere. 

The handle te rmina t ion  and t h e  vacuum feedthrough are p o t t e d  t o  t h e  
cable  p r i o r  t o  p o t t i n g  t h e  power supply te rmina t ion .  This  permits  
t h e  handle assembly t o  be helium leak-checked under high vacuum before  
t h e  cab le  i s  sea l ed  o f f  by t h e  power supply te rmina t ion .  
of  leakage i s  permit ted.  

No i n d i c a t i o n  

The cab le  i s  high vol tage  t e s t e d  twice  during i t s  manufacture. It 
i s  i n i t i a l l y  t e s t e d  after t h e  handle  assembly i s  po t t ed .  The 
handle i s  t e s t e d  under high vacuum up t o  22 k i l o v o l t s .  A f t e r  t h e  
power supply te rmina t ion  i s  f a b r i c a t e d ,  t h e  cable  i s  aga in  t e s t e d  
wi th  t h e  handle i n  h igh  vacuum and t h e  power supply te rmina t ion  i n  
5 k i l o v o l t  s t e p s  of 5 minutes dura t ion  up t o  20 k i l o v o l t s .  The 
cable  i s  then  over-voltaged 10 percent  for at least  one minute. 

4.6 Meta l lu rg ica l  Evaluat ions 

General 

Annealed AIS1 304 s t a i n l e s s  s t ee l  (hardness  Rockwell €3-88) w a s  used f o r  
t h e  sample t e s t  material. E lec t ron  beam weldments were made i n  material 
having a th ickness  of 0.075-inch. The t e n s i l e  t es t  coupons and a l s o  t h e  
bend t e s t  coupons were machined and then  t e s t e d  i n  t h e  as-welded condi t ion .  

Nondestructive Tes ts  

Visua l  examinations and radiographic  inspec t ions  were made on a l l  weld 
specimens. Inspec t ion  of t h e  x-ray negat ives  and a l l  weld j o i n t s  
i n d i c a t e d  no apparent poros i ty .  A t y p i c a l  weld fus ion  zone f o r  a weld 
specimen i s  shown i n  Figure 1 9 .  

Dest ruc t ive  Tests 

Tens i l e  Tests: Welded t e n s i l e  specimens were prepared t o  t h e  dimensions 
shown i n  Figure 20. The machining d i r e c t i o n  was p a r a l l e l  t o  t h e  d i r e c t i o n  
of  t h e  app l i ed  f o r c e  t o  in su re  t h a t  any e f f e c t s  upon t h e  t e n s i l e  p r o p e r t i e s  
due t o  machining would be t h e  same f o r  a l l  specimens. 

A l l  welded and unwelded t e n s i l e  specimens were t e s t e d  at room temperature  
Each specimen w a s  t e s t e d  a t  a constant  cross-head speed of 0.040 ipm t o  
f a i l u r e .  
extensiometer  and a p l o t  of appl ied load  fo rce  w a s  au tomat ica l ly  recorded.  
The u l t ima te  t e n s i l e  s t r e n g t h ,  y i e l d  s t r a n g t h  a t  0.2% o f f s e t ,  t h e  percent  
e longa t ion  i n  1 inch ,  and t h e  loca t ion  of f r a c t u r e  were determined from 
t h e  t e s t  data. 

During t e s t i n g  t h e  specimen extension w a s  recorded by an 
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The t e n s i l e  t e s t  d a t a  f o r  t h e  e ight  0.050-inch t h i c k  A i S I  304 as-welded 
t e n s i l e  specimens a r e  l i s t e d  i n  Figure 21. The d a t a  i n d i c a t e  t h a t  t h e  
t e n s i l e  p r o p e r t i e s  of  t h e  weldments were equal  t o  o r  g r e a t e r  than  t h e  
t e n s i l e  p r o p e r t i e s  of t h e  unwelded base  metal .  A l l  of  t h e  specimens 
except one f a i l e d  i n  t h e  weld zone; t h e  remaining specimen f a i l e d  i n  
t h e  base metal. F a i l u r e  i n  t h e  base metal w a s  a t t r i b u t e d  t o  a l o c a l  
reduct ion  i n  material th i ckness  (approximately 0.001-inch) which occurred 
during f i n a l  gr inding  and pol i sh ing  operatons.  F a i l u r e  occurr ing  i n  t h e  
weld zone can be a t t r i b u t e d  t o  two f a c t o r s :  (1) t h e  t e n s i l e  s t r e n g t h  of 
t h e  base material w a s  h igher  than  t h a t  of t h e  w e l d  zone, and ( 2 )  t h e  
weld zone width w a s  g r e a t e r  than  t h a t  normally found i n  high-voltage 
e l e c t r o n  beam welds,  bu t  s i g n i f i c a n t l y  narrower than  those  of o t h e r  
welding processes .  Although a l l  t h e  f a i l u r e s  except i n  one case  occurred  
i n  t h e  weld zone, t h e  s t r e n g t h  l e v e l s  achieved were similar t o  those  of  
t h e  base metal. To account f o r  the  f r a c t u r e  occurrence i n  t h e  weld zone 
it i s  known t h a t :  (1) t h e  hardness o f  t h e  weld zone w a s  reduced t o  a VHN 
of  approximately 190, as compared t o  base  m e t a l  hardness of approximately 
VHN 200; ( 2 )  d i f f e rence  i n  g r a i n  s i z e  and shape occurred i n  t h e  weld zone 
as compared t o  t h e  base metal  (Figure 221, and ( 3 )  reduced d u c t i l i t y  i n  
t h e  weld zone may have r e s u l t e d  from t h e  induced d i f f e rences  i n  g r a i n  
s i z e  and shape. 

The average y i e l d  s t r e n g t h  va lue  obta ined  f o r  t h e  specimens i s  52,900 psi  
and t h e  average u l t ima te  s t r eng th  va lue  i s  89,900 p s i .  
f o r  t h e  specimens averaged 31%. 

The e longat ion  

Bend Tests: 
dimensions shown i n  Figure 23. Their r o l l i n g  d i r e c t i o n  was p a r a l l e l  t o  
t h e  bending s t r e s s e s .  Approxlmately 0.012-inch of t h e  material  w a s  
removed from t h e  t o p  and bottom sur faces  t o  in su re  t h a t  a l l  d i s c o n t i n u i t i e s  
which could inf luence  t h e  t e s t  r e s u l t s  were e l imina ted .  

Welded and unwelded bend specimens were prepared t o  t h e  

An i n s t a l l a t i o n  cons i s t ing  of a d ie  secured t o  t h e  movable crosshead o f  
a t e n s i l e  machine w a s  used f o r  t e s t i n g  t h e s e  specimens. These bend d i e s  
are e a s i l y  changed i n  t h e  assembly t o  provide bend r ad ius  needed f o r  t e s t s .  
The bend specimen i s  placed i n  a female d i e ;  t h e  span of t h i s  d i e  can be 
ad-just.ed as r?eeL?ec? f c r  the t e s t  requirement.  
bend t e s t s  conducted a t  room temperature;  t h e  punch had a r ad ius  of 
0.0625-inch. 

A sr,e-ir;zh spar; ‘was used f o r  

Transverse bend tes ts  were conducted on a l l  specimens. This t e s t  method 
w a s  chosen because t h e  roo t  or face of t h e  weld i s  most l i k e l y  t o  be 
poor ly  fused;  t h u s ,  t h e  maximum amount of  weld area i s  sub jec t  t o  t e s t .  
A l l  specimens were bent u n t i l  f a i l u r e  occurred o r  u n t i l  t he  bending l i m i t  
of t h e  f i x t u r e  w a s  reached. Bending of  t h e  specimen w a s  accomplished a t  
a cons tan t  t e n s i l e  machine crosshead speed of 0.050 ipm. 

A f t e r  t e s t i n g ,  t h e  permanent angle of bend w a s  recorded. 
bend i s  def ined  as t h e  angle  a t  which t h e  specimen w a s  bent a t  t h e  t ime 
of f a i l u r e  or u n t i l  t h e  bending l i m i t  o f  t h e  f i x t u r e  was reached, as 
measured a f t e r  removal from t h e  t e s t  equipment. 

The angle  of 
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4 .7  

The r e s u l t s  of t h e  bend t e s t s  a r e  presented  i n  Figure 24. 
t h e  maximum d u c t i l i t y  bend can be obta ined  f o r  e l e c t r o n  beam welds i n  t h e  
annealed condi t ion .  The bend d u c t i l i t y  of t h e  weld coupons approached 
t h a t  of t h e  base  m e t a l .  Visual  inspec t ion  of  a l l  specimens i n d i c a t e d  
no i n c i p i e n t  f r a c t u r e s  i n  t h e  weld zone. 

A s  expected,  

Prototype Gun Tes t s  

The t e s t i n g  of t h e  pro tc type  gun cons i s t ed  p r imar i ly  of t h e  man-rated 
chamber t e s t s .  Prel iminary t e s t i n g  of t h e  gun w a s  c a r r i e d  o u t ,  however, 
t o  i n su re  t h e  s a f e t y  of  t h e  opera tor  and t h e  equipment. 
included t h e  fol lowing:  

These t e s t s  

a. X-radiation tes ts  were conducted throughout t h e  t e s t i n g  program 
inc luding  t h e  man-rated chamber t e s t s  t o  i n s u r e  personnel  s a f e t y  
( r e fe rence  Sec t ion  4 . 4 ) .  
Temperature t e s t s  were c a r r i e d  out on t h e  handle  assembly t o  a s su re  
no over hea t ing  of t h e  epoxy p o t t i n g  would occur .  

charge w a s  contained by t h e  gun sh ie ld ing .  

assembled pro to type  gun and t h e  opera t ion  of  t h e  vapor-radiat ion 
s h i e l d .  

ope ra t iona l  a b i l i t y  of  t h e  hand gun and f e a s i b i l i t y  of producing 
welds by hand i n  a high vacuum environment. 

b .  

c .  E l e c t r o s t a t i c  t e s t s  were conducted t o  determine i f  e l e c t r o s t a t i c  

d .  Auxi l ia ry  chamber t e s t s  were run t o  checkout t h e  opera t ion  of  t h e  

e .  The mm-rat.ed chamber t e s t s  were performed. t.0 d.emonst.rate t h e  

4 .7.1 Temperature Tes ts  - Gun Handle 

The epoxy-molded s e c t i o n  a t  t h e  i n l e t  or forward s e c t i o n  of t h e  
gun handle w a s  instriirrented with an i ron-constantan thermocouple 
on t h e  f i lament  conductor and a copper-constantan thermocouple on 
t h e  handle sur face .  The purpose of t h e s e  tests w a s  t o  determine 
t h e  degree of hea t  t r a n s f e r  from t h e  f i lament  t o  t h e  epoxy or 
po t t ed  region of  t h e  handle assembly. These t e s t s  were conducted 
with an ind i rec t ly-hea ted  f i lament  and a l s o  with a d i rec t ly-hea ted  
f i lament  ( tan ta lum r ibbon) .  T'ne ind i rec t ly-hea ted  f i lament  
r equ i r ed  approximately 25 watts t o  product thermionic  emission 
from t h e  ind i rec t ly-hea ted  compressed metal  s lug ;  t h e  d i r e c t l y -  
hea ted  f i lament  r equ i r e s  considerably more h e a t ,  namely 125  watts 
t o  produce thermionic emission from t h e  f l a t  su r f ace  of t h e  ribbon 
f i lament .  The r e s u l t s  of t hese  t es t s  a r e  shown i n  Figures  25 and 
26. 

For t h e  ind i rec t ly-hea ted  f i l amen t ,  t h e  temperature  rose  t o  113'F 
i n  30 minutes while  f o r  t he  d i r e c t l y  heated f i lament  t h e  
temperature rose  298OF i n  5 minutes. The hea t  i s  t r a n s f e r r e d  t o  
t h e  handle region pr imari ly  by conduction through t h e  tantalum 
connecting rods .  Fieat i s  generated by r e s i s t a n c e  hea t ing  in t h e  
connecting rods 2nd. junct ion.  For t h e  ind i r ec t ly -hea ted  f i l a q e n t  , 
t he  temperature a t t a i n e d  a maximum s t a b l e  value o f  116O~. 
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I Three s e r i e s  of t e s t s  were conducted. These were as fol lows:  

ESR 193 

I 4.7.2 E l e c t r o s t a t i c  Tes ts  

When an e l e c t r o n  beam impinges on a t a r g e t  o r  workpiece, secondary 
emission occurs .  I n  t h e  r e l ease  of t h i s  secondary emission,  f r e e  
e l e c t r o n s  and ions  a r e  produced; most of  t h e s e  p a r t i c l e s  go t o  
ground o r  are n e u t r a l i z e d .  I n  o rde r  t o  a s c e r t a i n  whether o r  not  an 
e l e c t r o s t a t i c  p o t e n t i a l  could e x i s t  on o r  around a space s u i t ,  
s e v e r a l  bas i c  t e s t s  were conducted us ing  a sample swatch of  t h e  
ou te r  exposure s u i t  garment. This  swatch w a s  t u f t e d  with m u l t i p l e  
nylon threads .  Two o r  t h r e e  t u f t s  were t i e d  toge the r  and bonded 
t o  t h e  s u i t  m a t e r i a l  at one common junc t ion .  Approximately t h i r t y  
t o  f o r t y  junc t ions  were used on t h e  sample swatch. These number 
of t u f t s  provided a s u f f i c i e n t  t u f t  dens i ty  f o r  v i s u a l  observa t ion ;  
t h e  t u f t s  were loca ted  on approximately one-inch square areas about 
every square inch. 

a. The t e s t  p i ece  w a s  suspended from ground and loca ted  fou r  inches  

b.  The t e s t  p i ece  w a s  suspended from ground and loca ted  fou r  inches  
from an unshielded beam. 

from a sh ie lded  beam, i . e . ,  t h e  vapor-radiat ion s h i e l d  w a s  
fas tened  t o  t h e  gun as requi red  f o r  normal opera t ion .  

urisrileiueu b e m ,  i . e .  L I l t f  ----- vapur rdulaLlU11 bLlleld W d b  UllllbbCU. 

c .  The t e s t  p iece  w a s  grounded and l o c a t e d  four  inches from an 
- - ~ _ . _ r  2 2  -.L2 -.- -1-: - 1  _ _ r _  - - 2 L . L - 2  1.2 7 3 - 2  

The r e s u l t s  ob ta ined  from exposing t h e  t u f t e d  garment t o  a m a x i m u m  
beam power ( 1 . 5  KW) f o r  per iods of  t e n  t o  f o r t y  seconds were as 
follows : 

a.  With t h e  garment suspended and exposed t o  t h e  beam and a l s o  t o  

b .  With  t h e  garment suspended and exposed t o  a sh ie lded  beam, no 

c .  With t h e  garment grounded, no e l e c t r o s t a t i c  charging occurred.  

secondary emission, some charging of  t h e  t u f t s  w a s  observed. 

e l e c t r o s t a t i c  charging occurred ,  and 

The .hove t e s t s  confirm some of t h e  s imilar  work conducted a t  
NASA-Houston. 

For t h e  man-rated chamber t e s t s ,  t h e  t e s t  sub jec t  and e l e c t r o n  bean 
gun arid workpiece were groiinde?. As an added precaut ion ,  t h e  
forearm of t h e  t e s t  subject  w a s  instrumented with s e v e r a l  fiylon 
t u f t s  ir, a msnner similar tc t h a t  m e 2  on t h e  t e s t  m a t e r i a l .  During 
t e s t s ,  t h e s e  t u f t s  were v i s u a l l y  checked and again,  as a n t i c i p a t e d ,  
no e l e c t r o s t a t i c  charging of t h e  space s u i t  w a s  observed. 

4 . 7 . 3  Auxiliary Chamber T e s t s  

P r i o r  t a  conducting t h e  a c t u a l  man-rated chamber welding t e s t s ,  t h e  
pro+,ot;yte model f i r z t  w a s  t e s t e d  i n  an a u x i l i a r y  chamber a t  va r ious  
rpT.rer l evc ls  up t o  t h e  maximurn rated power of 1500 watts. I n i t i a l  



t e s t  r e s u l t s  i nd ica t ed  t h a t  some m a t e r i a l s  would outgas more than  
o t h e r s  p a r t i c u l a r l y  at t h e  h igher  power l e v e l s .  This  ou tgass ing  
c rea t ed  a s i g n i f i c a n t  pressure  r i se  wi th in  t h e  vapor- rad ia t ion  
s h i e l d ,  e .g . ,  10-5 t o  Torr .  This sudden inc rease  of 
p re s su re  wi th in  t h e  vapor-radiat ion s h i e l d  w a s  o f  s u f f i c i e n t  
magnitude t h a t  a r c i n g  of the e l e c t r o n  beam w a s  observed. Whenever 
t h i s  e l e c t r i c a l  breakdown occurred,  it w a s  u s u a l l y  accompanied with 
t r i p p i n g  t h e  power supply r e l a y s .  This  would then  n e c e s s i t a t e  
r e s e t t i n g  t h e  power supply c o n t r o l s  f o r  a cont inua t ion  of t h e  
welding process .  

To e l imina te  t h e  a rc ing  problem, t h e  s h i e l d  assembly w a s  vented t o  
prevent a p res su re  r i s e .  
emi t ted  from t h e  workpiece i s  s t i l l  contained wi th in  t h e  s h i e l d  
assembly. 
acceptab le  as v e r i f i e d  by tes t s ,  The beam could be sus t a ined  
without arcover  at maximum power and no perce ivable  r a d i a t i o n  
from t h e  r a d i a t i o n  s h i e l d  could be measured ( l e s s  than  1 m i l l i r o e n t g e n ) .  
To prevent a s i m i l a r  problem when us ing  t h e  workpiece f i x t u r e  
assembly i n  t h e  man-rated chamber, t h e  workpiece f i x t u r e  a l s o  
w a s  vented s u f f i c i e n t l y  t o  prevent  a p res su re  r i s e .  Tine vent ing  
w a s  accomplished i n  a manner as t o  prevent  a r a d i a t i o n  leakage.  

The vent ing  design w a s  such t h a t  r a d i a t i o n  

The design used on t h e  pro to type  model proved t o  be 

Before i n s t a l l i n g  the equipment i n  tne man-rated cnamber, one o t h e r  
t e s t  i n  t h e  a u x i l i a r y  chaqber w a s  performed f o r  t h e  purpose of 
determining t h e  maximum temperature r ise  of  t h e  workpiece when 
welding a t  1500 w a t t s .  T h i s  w a s  accomplished by instrumenting a 
r ep resen ta t ive  sample weldment with thermocouples and measuring 
t h e  temperature r i s e  of the base metal .  The thermocouples w e r e  
l oca t ed  wi th in  one inch of t h e  weld seam. A t  maximum power 
(1500 w a t t s )  and minimum weld speed (15 inches pe r  minute) ,  t h e  
temperature increased  from an ambient of 7 5 O  t o  105OF. This 
temperature r ise  occurred wi th in  t h r e e  minutes a f t e r  i n i t i a l  
completion of  t h e  weld. Within an a d d i t i o n a l  t h r e e  t o  f i v e  
minutes,  t h e  temperature  decreased t o  near  room temperature.  This 
t e s t  ind ica t ed  t h a t  no perceivable  temperature  would e x i s t  during 
a n ~ r  nf t h e  manlial weld t e s t s  conducted- i n  t.he man-rated- chamher, 

4.7.4 Man-rated Chamber ‘Tests 

The purpose of  t h i s  t e s t  was t o  demonstrate t h a t  an e l e c t r o n  beam 
gun i s  capable o f  being used f o r  f u t u r e  f a b r i c a t i o n  and r e p a i r  of 
space f l i g h t  veh ic l e s  and components during a c t u a l  missions as w e l l  
as f o r  f a b r i c a t i o n  and r epa i r  of  t h e s e  components i n  evacuated 
man-rated space s imulat ion chambers. The gun t e s t e d  i s  manually- 
opera ted  by t h e  t e s t  subject  i n  a vacuum where t h e  pressure  w a s  
2.6~10-5 Torr .  

The t e s t s  were conducted in  accordance with con t r ac tua l  requirements 
and a t o t a l  of f o u r ,  six-inch length  weldments were made (F igure  
27). 
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The r e s u l t s  of  t h e  t es t s  ind ica t ed  e f f i c i e n c y  and use fu lness  of  a 
manual welding gun, and demonstrated t h e  soundness of t h e  e l e c t r o n  
beam gun design and the  accompanying vapor- rad ia t ion  s h i e l d .  These 
chamber t es t s  a l s o  def ined some of t h e  equipment handl ing problems 
such as ease  of motion, gun handl ing,  s u i t  r e s t r i c t i o n s ,  e t c . ,  t h a t  
could be encountered during high vacuum earth-bound opera t ions .  
These problems now r e q u i r e  f u r t h e r  s tudy  by conducting a d d i t i o n a l  
space chamber tes ts .  

Power t o  t h e  e l e c t r o n  beam gun w a s  suppl ied  from a convent ional  
power supply loca ted  e x t e r i o r  of  t h e  chamber. The development of 
a compact supply capable of being opera ted  i n  a vacuum was not 
p a r t  o f  t h e  con t r ac t .  In te rconnec t ions  between t h e  e l e c t r o n  beam 
gun and t h e  power supply were made by duc t ing  a high vol tage  cable  
t o  t h e  chamber w a l l .  A s p e c i a l  feedthrough pene t r a t ion  w a s  
designed t o  provide t h i s  cable  feedthrough. 

For welding a t y p i c a l  l a p  p l a t e  s t r u c t u r e ,  t h e  fol lowing s t e p s  
were performed: 

1. Locate t h e  gun on t h e  workpiece f i x t u r e  assembly and move t h e  
gun t o  start  p o s i t i o n .  

2 .  AdJust the vol tage  and beam cur ren t  t o  appropr i a t e  values  on 
t h e  e x t e r n a l  power supply. 

3. Move t h e  togg le  switch l o c a t e d  on t h e  gun t o  t h e  ON p o s i t i o n .  
The handle l i g h t ,  i f  lit, confirmed t h a t  t h e  power supply has 
been turned  on and t h a t  t h e  gun now can be used f o r  welding. 

4. Depress t h e  t r i g g e r  switch loca ted  on t h e  gun handle assembly 
t o  accomplish beam on o r  welding o f  t h e  p l a t e  assembly. 

5. Move t h e  gun along t h e  workpiece at approximate welding speed 
of t h i r t y  inches pe r  minute. 

6. Upon completing t h e  f u l l  l eng th  of  t h e  weld, r e l e a s e  t h e  
t r i g g e r  and move t h e  toggle  switch t o  t h e  OFF pos i t i on .  

Inspec t ion  of t h e  welds was accomplished by removing a po r t ion  on 
t h e  vorkpiece assexbly f i x t u r e  and lessening s e v e r a l  Pillen screws 
holding t h e  workpiece t o  the  weld f i x t u r e .  The welds produced 
during t h e s e  f i r s t  manual t e s t  s e r i e s  are shown i n  Figure 27. 

The q u a l i t y  and smoothness of t h e  welds exceeded a l l  expec ta t ions ,  
e s p e c i a l l y  f o r  t h e  f i r s t  welds produced by t h e  gun under manual 
ope ra t ion  s ince  e a r l i e r  labora tory  mock-up tes t s  had ind ica t ed  
t h a t  t h e  manually-controlled speed of  a free-wheeling device 
f l u c t u a t e s  g ross ly .  A p lo t  of t h e  d a t a  i s  shown i n  Figure 28. 
A simple speed i n d i c a t o r  cons i t ing  of a graduated s c a l e  was 
incorpora ted  i n t o  t h e  man-rated chamber t e s t s  t o  inprove t h e  
con t ro l  of t h e  weld speed. 

During t h e  above welding opera t ions ,  motion p i c t u r e s  o f  t h e  process  
a l s o  were made. These p i c tu re s  became p a r t  o f  t h e  record and d a t a  
of t h e s e  tests. 
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5.0 CONCLUSIONS 

A s  a d i r e c t  r e s u l t  of t h e  design and development t e s t s  completed i n  t h i s  program, 
s p e c i f i c  conclusions and comments can be made which are app l i cab le  t o  t h e  
in-space hand-held e l e c t r o n  beam welder. The conclusions are as fol lows:  

1. 
2. 

EBR 199 

3.  

4. 

5. 

6. 

7. 

a.  
9 .  

10. 
11. 

12. 

13. 

14. 

Elec t ron  beam welding i s  wel l -sui ted f o r  producing in-space fus ion  welds.  
The e l e c t r o n  beam welding gun has been reduced s i g n i f i c a n t l y  i n  s i z e  and 
s u f f i c i e n t l y  developed f o r  use o f  t h i s  welder i n  a space environment. 
Exce l len t  p o r t a b i l i t y  has been achieved wi th  t h e  e l e c t r o n  beam welder s o  
as t o  warrant i t s  use f o r  in-space f a b r i c a t i o n  opera t ions .  
Since e l e c t r o n  beam welding e x h i b i t s  high ope ra t ing  e f f i c i e n c y  and r e q u i r e s  
a minimum of  power t o  produce a fus ion  weld of  high q u a l i t y ,  it appears 
t h a t  adequate power from t h e  space veh ic l e  i s  a v a i l a b l e  f o r  e l e c t r o n  beam 
welding. 
The design of t h e  hand-held gun i s  sound, as v e r i f i e d  by components and 
assembly development t es t s .  
The pro to type  hand-held welder can be s a t i s f a c t o r i l y  opera ted  a t  t h e  r a t e d  
output  power of 1 . 5  KW at 15 KV and 100 mA, or 20 KV and 75 mA. 
The weld pene t r a t ion  c a p a b i l i l i t y  of a 1 . 5  KW e l e c t r o n  beam welder 
ope ra t ing  a t  i 5  KV i s  adequate t o  fusion weld e s s e n t i a l l y  a l l  of  t h e  
p r e d i c t e d  weld app l i ca t ions  intended f o r  use  i n  space.  
Typica l  aerospace materials such as aluminum, t i t an ium,  and s t a i n l e s s  
s t e e l  can be welded successfu l ly .  
S a t i s f a c t o r y  b u t t  welds can be made i n  t i t an ium and s t a i n l e s s  s t ee l  i n  
material th icknesses  up t o  0.125-inch f o r  a welding speed of  1 5  ipm. 
The welds are reproducible .  
The complete gun assembly was used success fu l ly  by a space-sui ted 
t echn ic i an  t o  weld saTple s ta inless  s t e e l  weldments under a s imulated 
space vacuum environment. 
The vapor-radiat ion s h i e l d  operated and funct ioned s a t i s f a c t o r i l y  i n  
e l imina t ing  m a t e r i a l  s p l a t t e r ,  e l e c t r o s t a t i c  charging,  and r a d i a t i o n  
from t h e  workpiece. 
Re l i ab le  performance has been obtained from t h e  power supply,  in te rconnec t ing  
cable  assembly, c o n t r o l s ,  and t h e  e l ec t ron  beam gun. 
There do not appear t o  be any s ta te -of - the-ar t  problems which would l i m i t  

a l though a d d i t i o n a l  t e c h n i c a l  i nves t iga t ion  and development of human 
engineer ing work-handling techniques are requi red .  

t.he ilSe and ei.rzlijit,io-n. nf t h e  prntntype svcforn -J I "_..I f n r  I V I  &E ic-spacp t e s t  
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6.0 RECOMITENDATIONS 

The following recommendations are made, based on the work accomplished under 
this program. 

a. Additional man-rated chamber tests to determine and define the 
human engineering problems that may be associated with manual 
welding operations in a space-simulated vacuum environment. 
Adapting ancillary miniature devices to the hand-held gun to 
provide a more uniform welding speed and also a greater degree 
of accuracy for following a weld seam. 

a 6O zero-gravity simulator for the purpose of supplementing 
the man-rated chamber tests and also determining the manipulating 
problems that may be encountered during a zero-gravity in-space 
welding operation. 

b. 

c .  A modified hand-held electron beam gun should be evaluated in 

2. A light-weight high-density low-volume power supply should be matched and 
developed to the hand-held gun described In this report. 

3. Conduct an in-space evaluation of electron beam welding techniques; these 
evaluat ic~ns shculd be  ccx~c?uctec? by the astronaut mzfii~zlly operat.ing t,he 
equipment. 
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